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Abstract: Research in amyotrophic lateral sclerosis (ALS) suggests that executive dysfunction, a preva-
lent cognitive feature of the disease, is associated with abnormal structural connectivity and white mat-
ter integrity. In this exploratory study, we investigated the white matter constructs of executive
dysfunction, and attempted to detect structural abnormalities specific to cognitively impaired ALS
patients. Eighteen ALS patients and 22 age and education matched healthy controls underwent mag-
netic resonance imaging on a 4.7 Tesla scanner and completed neuropsychometric testing. ALS patients
were categorized into ALS cognitively impaired (ALSci, n=9) and ALS cognitively competent (ALScc,
n=>5) groups. Tract-based spatial statistics and connectomics were used to compare white matter
integrity and structural connectivity of ALSci and ALScc patients. Executive function performance was
correlated with white matter FA and network metrics within the ALS group. Executive function perfor-
mance in the ALS group correlated with global and local network properties, as well as FA, in regions
throughout the brain, with a high predilection for the frontal lobe. ALSci patients displayed altered
local connectivity and structural integrity in these same frontal regions that correlated with executive
dysfunction. Our results suggest that executive dysfunction in ALS is related to frontal network dis-
connectivity, which potentially mediates domain-specific, or generalized cognitive impairment,
depending on the degree of global network disruption. Furthermore, reported co-localization of
decreased network connectivity and diminished white matter integrity suggests white matter patholo-
gy underlies this topological disruption. We conclude that executive dysfunction in ALSci is associated
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with frontal and global network disconnectivity, underlined by diminished white matter integrity.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive neu-
rodegenerative disorder characterized by degeneration of
both upper motor neurons of the corticospinal and cortico-
bulbar tracts, as well as lower motor neurons of the periph-
eral nervous system. While symptoms, such as muscular
weakness, spasticity, and hyperreflexia, are initially man-
ageable, progressive loss of respiratory muscle innervation
leads to respiratory failure, which typically occurs within
2—4 years of symptom onset [Kiernan et al., 2011]. In addi-
tion to motor system pathology, it is now widely accepted
that ALS is a multisystem disorder frequently accompanied
by cognitive deficits and behavioral changes. Cognitive and
behavioral impairment in ALS is multifaceted, including
deficits in language, memory, social cognition, emotional
processing, and theory of mind [Goldstein and Abrahams,
2013]. These deficits are related to syndromes of frontotem-
poral dysfunction, underlined by frontotemporal lobar
degeneration (FTLD) [Woolley and Strong, 2015]. While
frontotemporal dysfunction in ALS may present as a behav-
ioral impairment (ALSbi) or as frontotemporal dementia
(ALS-FTD), the cognitively impaired (ALSci) syndrome is
the most prevalent, with 35%-50% of patients exhibiting
mild to moderate cognitive impairment [Strong, 2008].
Executive dysfunction, the most prevalent manifestation of
cognitive impairment in ALS, is present in more than 40%
of non-demented ALS patients [Lonergan et al., 2014], and
has been shown to be an indicator of poor prognosis, inde-
pendent of a diagnosis of FTD [Elamin et al., 2011].

Executive dysfunction typically presents itself as a defi-
cit in verbal fluency, set shifting, cognitive inhibition,
selective attention, or memory [Lonergan et al., 2014], and
has been shown through lesion and functional imaging
studies to be related to frontal cortex damage [Alvarez
and Emory, 2006]. A common finding of white matter
studies in ALS utilizing diffusion tensor imaging (DTI)
tractography [Sarro et al., 2011] and tract-based spatial sta-
tistics (TBSS) [Ciccarelli et al., 2009; Prudlo et al., 2012;
Zhang et al., 2014] is a reduction in fractional anisotropy
(FA) within motor, as well as frontal and prefrontal
regions. FA has been demonstrated to be a particularly
sensitive DTI metric for detection of white matter degener-
ation in ALS [Tang et al., 2015]. FA has also been sug-
gested to be a reliable metric in the prediction of ALS
diagnosis [Tang et al., 2015] and disease progression rate
[Agosta et al., 2010; Menke et al., 2012]. A similar observa-
tion in ALS is made when investigating neuronal

connectomics by application of graph theory [Verstraete
et al., 2011, 2014], a method for reconstruction and assess-
ment of brain connectivity networks through representa-
tion of parcellated cortical and subcortical regions as
nodes, and interconnecting white matter tracts as edges on
a mathematical graph [Bullmore and Sporns, 2009; Minati
et al., 2013]. Studies have found that the topological net-
works of ALS patients exhibit reduced local connectivity
that expands beyond motor cortices, primarily propagating
to frontal and parietal regions [Verstraete et al., 2011,
2014]. Regions of decreased structural network connectivi-
ty in ALS have also been shown to co-localize with regions
of reduced FA, suggesting that diminished white matter
tract structural integrity may underlie network disconnec-
tivity [Buchanan et al., 2015].

While predominantly frontally mediated, the multimod-
al nature of executive function, encompassing cognitive
domains such as working memory, verbal reasoning, and
problem solving, is suggestive of its dependence on vari-
ous neuronal regions and their connecting white matter
tracts. Previous studies utilizing graph theory and TBSS in
neurodegenerative disorders such as Alzheimer’s disease
(AD) [Lo et al., 2010], cerebral amyloid angiopathy (CAA)
[Reijmer et al., 2015], and Parkinson’s disease (PD) [Rae
et al., 2012], provide support for this notion in reporting
associations between executive function performance and
local connectivity and white matter integrity of regions
throughout the frontal, temporal, parietal and occipital
cortices. Within ALS, correlations between poorer execu-
tive function and decreased white matter integrity of
fronto-temporal association fibers [Sarro et al., 2011], as
well as white matter in the superior and inferior frontal
gyrus, corpus callosum, and hippocampal portion of the
cingulum [Pettit et al., 2013], provide further support of a
relationship between a global structural integrity deficit
and executive dysfunction.

While these studies [Lo et al., 2010; Rae et al.,, 2012;
Reijmer et al., 2015] suggest that neurodegeneration of
inter-cortical white matter tracts, and disconnectivity of
the topological network may underlie executive dysfunc-
tion in neurodegenerative disorders, few studies have spe-
cifically investigated this relationship within ALS.
Furthermore, despite accumulating evidence of frontal
white matter abnormalities [Ciccarelli et al., 2009; Pettit
et al.,, 2013; Prudlo et al., 2012; Sarro et al., 2011; Zhang
et al., 2014], disrupted topological networks [Buchanan
et al., 2015; Verstraete et al., 2011, 2014] and a high preva-
lence of executive dysfunction in ALS [Lonergan et al.,
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TABLE I. Comparison of group characteristics and executive function scores between subject groups

ALS vs. Controls

ALSci vs. ALScc

ALS (n=18) Controls (n =22) ALSci (n=9) ALScc (n=15)

Mean SD Mean SD Mean SD Mean SD
Gender (M:F) 11:7 10:12 7:2 2:3
Age 57.3 11.1 55.0 8.7 57.0 11.2 54.8 9.6
Years of education 14.7 3.0 15.3 2.3 14.2 1.8 16.2 34
ALSFRS-R 38.0 8.6 - - 38.0 4.8* 44.0 2.7
Disease duration (months) 19.8 19.1 - - 22.7 24.8 18.6 11.9
Site of onset (limb:bulbar) 13:5 - 6:3 4:1
BDI 9.3 9.0 5.6 45 10.5 9.9 7.4 8.1
VFF 13.2 4.1 13.7 5.3 11.3 3.7* 15.4 2.0
DSF 7.9 2.2% 9.6 1.9 7.2 24 9.2 13
DSB 7.2 1.9 7.6 2.0 6.7 1.8 8.2 1.9
DOM 53 1.5 59 1.3 4.7 1.5% 6.3 1.2

Abbreviations: ALScc, ALS cognitively competent; ALSci, ALS cognitively impaired; ALSFRS-R, ALS Functional Rating Score Revised;

BDI, Beck Depression Inventory; VEF, Verbal Fluency F; DSF, Digit

Span Forward; DSB, Digit Span Backward; DOM, Digit Ordering

Maximal Span; SD, Standard Deviation. * indicates significant between group difference (uncorrected p < 0.05).

2014], only one study to date has attempted to determine
if extra-motor white matter abnormalities are specific to
cognitively impaired, as compared with cognitively com-
petent, ALS patients [Sarro et al., 2011]. While it was
shown by Sarro et al, [2011] that ALS cognitively
impaired (ALSci) patients display more extra-motor reduc-
tions in structural integrity relative to controls, DTI trac-
tography failed to identify differences in white matter
microstructure in a direct comparison between ALSci and
ALS cognitively competent (ALScc) patients.

In this exploratory study we aimed to elucidate the rela-
tionship between executive dysfunction in ALS and under-
lying abnormalities in structural connectivity and white
matter integrity, through comparison of graph theory met-
rics and TBSS derived FA values between ALSci, ALScc,
and healthy controls. We hypothesized that there are
structural connectivity and white matter integrity abnor-
malities specific to ALSci patients. We further hypothe-
sized that these abnormalities would be associated with
executive dysfunction.

METHODOLOGY
Participants and Cognitive Testing

Our subject group consisted of 18 ALS patients recruited
from the University of Alberta ALS clinic, and 22 age and
education matched healthy control subjects (Table I). All ALS
subjects met the revised El Escorial criteria [Brooks et al.,
2000] for probable or definite ALS, and had no family history
of ALS or FTD. Subjects were included if they did not have
other neurological or psychiatric diseases, and had no contra-
indications to MRI. To avoid confounding effects on cogni-
tion from respiratory insufficiency, subjects also had to have
a forced vital capacity over 60% to be included in the study.
All subjects gave written informed consent, and the study

was approved by the Health Research Ethics Board at the
University of Alberta. Exclusion criteria included a previous
history of neurological or psychiatric disorders (including
depression), cerebrovascular disease, brain trauma or stroke,
and current use of psychotropic medication. Tasks of execu-
tive function included verbal fluency F (VFF), digit span for-
ward (DSF), digit span backward (DSB), and digit ordering
maximal span (DOM). DOM is a score derived from the digit
ordering test [Hoppe et al.,, 2000], and is calculated as the
maximal span of numbers recalled in ascending order with
0.5 points deducted if only one list was successfully recalled
in two trials consisting of the same number of items. ALS
patients were categorized into a cognitively impaired and
cognitively competent group according to established meth-
odology [Sarro et al., 2011]. For each assessment, the control
subject scores were pooled to generate a normal distribution
curve and the value corresponding to the 5th percentile was
used as the cut-off score. These cut-off scores (6.05 for VFF,
6.00 for DSF, 4.05 for DSB, and 4.50 for DOM) were then
applied to the ALS patients. ALS patients who were below
the 5th percentile on one or more executive function assess-
ments were considered cognitively impaired. In accordance
with this differentiation scheme, the patient group was divid-
ed into nine ALSci and five ALScc patients. For the remain-
ing four ALS patients only VFF data was available. Since
their performance on this task was within the normal range,
absence of data on other cognitive assessments made them
indistinguishable as either ALSci or ALScc. These partici-
pants were therefore excluded from ALSci/ALScc group
comparisons, though they were included in group compari-
sons between ALS patients and healthy controls.

MRI Image Acquisition

MRI imaging was performed on a high field 4.7 Tesla
Varian Unity Inova scanner at the Peter S. Allen MR

* 1251



¢ Dimond et al. ¢

Research Centre at the University of Alberta. DTI images
were acquired using a 2D spin-echo, single-shot EPI
sequence (GRAPPA R =2). Image acquisition parameters
were as follows: TR=6,500 ms, TE=52.31 ms, reso-
lution=2 X 2 mm?, slice thickness=2 mm, number of
slices =70, number of non-diffusion weighted images =5,
number of diffusion weighted directions =30, and b-
value = 1,000 s/mm>.

DTI Processing and Network Reconstruction

Preprocessing of DTI data, including correction of sub-
ject motion and eddy current distortions, was conducted
using ExploreDTI [Leemans et al., 2009]. Whole brain white
matter tracts were constructed for each individual dataset
using a deterministic streamline fiber tractography approach
in ExploreDTI. Fiber tracts were terminated if they entered
a voxel with an FA value lower than 0.2, or if they exceeded
an angular threshold of 30°. Tractography was conducted at
a step size of 1 mm, and only those fibers with a length of
50-500 mm were retained. Subsequently, application of the
automated anatomical labeling atlas (AAL) to the whole
brain tractography reconstructions was utilized to parcellate
the brain networks into 90 nodes corresponding to regions
of interest on the AAL atlas, and interconnecting edges rep-
resenting the reconstructed white matter tracts. Two AAL
node regions were considered to be connected if a fiber
bundle either passed through or terminated in each nodal
region of interest. Structural connectivity between parcel-
lated regions was assessed using the average FA value of
tracts connecting any two nodes on the AAL template. This
procedure was used to generate an FA weighted 90 X 90
connectivity matrix for each subject. Justification for the use
of fractional anisotropy for connectivity matrix weighting
was twofold. Firstly, FA has previously been shown to be a
sensitive marker to white matter pathology in ALS [Ciccar-
elli et al., 2009; Prudlo et al., 2012; Sarro et al., 2011; Zhang
et al., 2014], and is a common metric in the assessment of
white matter connectivity [Van den Heuvel and Sporns,
2011]. Secondly, the consistent use of FA facilitated a com-
parison of graph theory and TBSS results.

Network Metrics

Brain Connectivity Toolbox (BCT) [Rubinov and Sporns,
2010] was used to calculate global (i.e., global efficiency,
transitivity, and characteristic path length) and local (ie.,
local efficiency, clustering coefficient, and strength) network
connectivity metrics. These metrics were selected based on
previously reported associations in ALS [Buchanan et al,
2015], and studies suggesting these metrics to be the most
applicable to the study of network correlates of cognition in
neurodegenerative disorders [Lo et al., 2010; Reijmer et al.,
2013]. Characteristic path length, a measure of global net-
work connectivity, is defined as the average number of con-
nections that must be traversed in connecting any two

TABLE Il. Comparison of global network properties in
healthy control and ALS subject groups

Controls

(n=22) ALS (n = 18)
Network metric Mean SD Mean SD
Characteristic path length ~ 3.621  0.234 3.801  0.247*
Transitivity 0291  0.017 0.280  0.013*
Global efficiency 0294  0.034 0.287  0.032

Abbreviations: SD, Standard Deviation. * indicates significant
between group difference (uncorrected p < 0.05).

nodes along their shortest path. This metric is inversely
related to network global efficiency, which reflects the ease
with which a network is able to transfer information
between brain regions. Local efficiency can be considered a
local homolog of global efficiency, quantifying the ease of
connectivity within local networks. In structural MRI, these
network metrics are used to quantify the potential of a
structural network to support functional integration of infor-
mation across distributed brain regions [Rubinov and
Sporns, 2010]. Transitivity and clustering coefficient, on the
other hand, are quantifications of network interconnectivity
on a global, or local scale, respectively. These metrics pro-
vide insight into the extent to which a network is structural-
ly segregated into densely interconnected units; presumably
for specialized information processing [Rubinov and Sporns,
2010]. Subject local network topology was additionally
assessed via nodal strength, the FA-weighted sum of a
node’s edges, which reflects the cumulative structural integ-
rity and number of a node’s connections. Strength is a met-
ric of degree or centrality that is utilized to assess the extent
of connections and significance of a node in a network
[Crossley et al., 2014; Hwang et al., 2013]. Brain network
topology has been found to demonstrate small-world archi-
tecture, which is characterized by the presence of hub nodes
with a high degree of connectivity that serve as relay sta-
tions, transferring information across structurally segregated
brain modules [Bullmore and Sporns, 2012; Sporns et al.,
2007]. A highly connected highly efficient small-world net-
work, is therefore one that displays a decreased characteris-
tic path length, and increased global and local efficiency,
transitivity, clustering coefficients, and nodal strength [Bull-
more and Sporns, 2009, 2012; Sporns et al., 2007].

Tract-Based Spatial Statistics

Registration and spatial normalization of subject DTI
volumes was conducted using DTI Tool Kit (DTI-TK)
[Zhang et al., 2006], in accordance with a recent publica-
tion [Bach et al., 2014] recommending the use of DTI-TK
to enhance TBSS specificity. In brief, this involved boot-
strapping subject DTI volumes to an initial aging template,
followed by affine and diffeomorphic alignment to create
a population specific template space [Zhang et al., 2007].
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Controls vs. ALS
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Figure I.
Comparison of control and ALS group local network metrics. Between group comparison show-
ing nodal brain regions in which the ALS group displayed reduced clustering coefficient (left),
local efficiency (center), and strength (right), relative to control subjects, in axial (top), sagittal
(middle), and coronal (bottom) view (uncorrected p < 0.05). [Color figure can be viewed at

wileyonlinelibrary.com]

The generated template included the use of four additional
subjects (three controls and one ALS patient) that were
included in the group comparison of ALS patients and
healthy controls, but were excluded from all other analy-
ses due to incomplete neurocognitive data. Next TBSS was
used to generate the white matter skeleton from a 1 mm?
resolution mean FA map registered onto a corresponding

population specific template, by identifying the voxel with
the highest FA value perpendicular to the tract direction
as lying on the center of the white matter skeleton [Smith
et al., 2006]. A threshold of 0.2 was applied to the mean
FA skeleton in order to eliminate voxels with a low FA
value, after which aligned subject FA images were
projected onto the mean FA skeleton.
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Figure 2.
Comparison of control and ALS group FA. Between group comparison showing white matter voxels
in which the ALS group displayed decreased FA relative to control subjects, in axial (top), sagittal
(middle) and coronal (bottom) slices (uncorrected p < 0.05). Abbreviations: I, inferior; S, superior;
R, right; L, left; A, anterior; P, posterior. [Color figure can be viewed at wileyonlinelibrary.com]

Statistical Analysis

Group characteristics were compared using Mann-Whit-
ney U test in IBM SPSS Statistics (version 21.0) [IBM
Corp., 2012]. Group comparison of network metrics was
similarly conducted using a Mann-Whitney U test, while
correlations of executive function scores with network
metrics within the ALS patient group was conducted
using Spearman’s correlation. For TBSS, statistical analysis,
including group wise comparison and correlations of exec-
utive function scores, was carried out using a threshold-
free clustering enhancement nonparametric test with 5,000
permutations, and family-wise error (FWE) correction
(p<0.05) for multiple comparison, via the “randomize”
function in FSL. In all other statistical analyses, false dis-
covery rate (FDR) was used to correct for multiple com-
parisons. Due to poor survival rate however, significance
is reported as the uncorrected p-values (p <0.05) unless
specified otherwise.

RESULTS
Group Characteristics

Comparison between ALS patients and healthy controls
revealed that there were no significant differences in age,
years of education, BDI score, disease duration, and all
executive function tasks except for DSF, in which the ALS
group was significantly impaired as compared with the
healthy control group (Table I). With regards to the ALSci
and ALScc groups, ALSci patients had significantly
reduced ALSFRS-R, VFF, and DOM, as compared with the
ALScc group.

Structural Comparison
ALS versus controls

In comparing global network properties of the healthy
control and ALS group brain networks, characteristic path
length was significantly increased, while transitivity was
significantly reduced in the ALS group (Table II). Global
efficiency was not significantly different between the two
groups. When assessing the connectivity properties of
individual nodes, local clustering coefficients, local effi-
ciency, and nodal strength were significantly reduced in
the ALS group in regions throughout the brain, primarily
in the frontal and parietal cortices (Fig. 1, Supporting
Information Table I). FA was reduced in the ALS group in
voxels distributed throughout the brain in bilateral frontal,
parietal, occipital and temporal regions (Fig. 2).

ALSci versus ALScc

In comparing the ALSci to ALScc groups, clustering coef-
ficients were increased, while strength was decreased in the
ALSci group in bilateral frontal and temporal cortices (Fig.
3, Supporting Information Table II). No differences were
observed in local efficiency or global network metrics. In
terms of white matter integrity, the ALSci group had
reduced FA predominantly in clusters in the frontal lobe
bilaterally, and the right posterior cingulum (Fig. 4).

Correlations with Executive Functioning
Verbal fluency F

Global network metrics significantly correlated with per-
formance on the VFF task (Table III). VFF correlated with
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ALSci vs. ALSce
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Figure 3.
Comparison of ALSci and ALScc group local network metrics. Between group comparison show-
ing nodal brain regions in which the ALSci group displayed increased clustering coefficients (left),
no difference in local efficiency (center), and decreased strength (right), relative to ALScc sub-
jects, in axial (top), sagittal (middle), and coronal (bottom) view (uncorrected p < 0.05). [Color

figure can be viewed at wileyonlinelibrary.com]

all global and local network measures except transitivity.
Positive correlations with clustering coefficients were pri-
marily in the right frontal and temporal lobes. A negative
correlation with clustering coefficient was observed at one
node, the right frontal superior medial gyrus. Positive corre-
lations with nodal strength were observed predominantly

in the right temporal and occipital lobes; here, correlations
in the right hippocampus, right fusiform and superior occipi-
tal gyri, and left lingual cortex were significant after FDR cor-
rection (p <0.05) (Fig. 5, Supporting Information Table III).
Similarly, local efficiency also positively correlated with VFF
in temporal and occipital regions. In addition, VFF scores
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Figure 4.
Comparison of ALSci and ALScc group FA. Between group comparison showing white matter voxels
in which the ALSci group displayed decreased FA relative to ALScc subjects, in axial (top), sagittal
(middle) and coronal (bottom) slices (uncorrected p < 0.05). Abbreviations: I, inferior; S, superior; R,
right; L, left; A, anterior; P, posterior. [Color figure can be viewed at wileyonlinelibrary.com]

correlated positively with FA throughout the brain, including
bilateral frontal, parietal and occipital regions, the posterior
cingulum, subcortical nuclei, brain stem, and cerebellum

(Fig. 6).

Digit span forward

DSF performance correlated inversely with clustering
coefficients in the left superior frontal gyrus, right middle
temporal pole, and left fusiform gyri (Supporting Informa-
tion Table IV). Nodal strength was inversely correlated
with DSF performance bilaterally within the basal ganglia
(putamen and pallidum), posterior cingulum, and tempo-
ral lobes. Local efficiency was inversely correlated with
DSF performance at one node, the right supplementary
motor area. Digit span forward performance was positive-
ly correlated with FA values bilaterally in superior frontal
regions, as well as the right pre and post central gyri (Sup-
porting Information Fig. 1). Inverse correlations were
observed in the brain stem and temporal lobes bilaterally,
as well as the left thalamus and left internal capsule (Sup-
porting Information Fig. 2).

Digit span backward

Clustering coefficients correlated positively with DSB
performance at nodes located in the frontal, and temporal
lobes, as well as the insula, putamen, and pallidum (Fig. 7
and Supporting Information Table V). Negative correla-
tions were observed in the left superior frontal and fusi-
form gyri, as well as the right paracentral lobule. Nodal
strength correlated positively with nodes located dis-
persedly throughout the brain, including regions of the
frontal, parietal, temporal and occipital lobes. Negative
correlations were observed in the bilateral pallidum and
right posterior cingulum. DSB performance correlated
inversely with local efficiency at the right supplementary
motor area, and positively at the left calcarine sulcus. DSB
score positively correlated with FA bilaterally in white
matter below the precentral gyri, superior frontal cortex,
subcortical nuclei, and the anterior cingulum. Additional
positive correlations were observed in the right post cen-
tral gyri, parietal and temporal regions, as well as the pos-
terior and medial cingulum (Fig. 8). FA inversely
correlated with DSB performance in two small clusters in
the right crus cerebri and temporal lobe (data not shown).

TABLE Ill. Global network metrics correlated with executive function scores of the ALS patient group

Verbal fluency F Digit span forward Digit span backward Digit ordering maximal span
Network metric r-value r-value r-value r-value
Transitivity 0.339 —0.088 0.256 0.590*
Characteristic path length —0.470% 0.126 —0.312 —0.625%
Global efficiency 0.492* —0.097 0.366 0.641*

*indicates significant between group difference (uncorrected p < 0.05).
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Verbal Fluency F
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Figure 5.

Verbal fluency F correlated with local network metrics in the
ALS patient group. Verbal fluency F of ALS patients correlated
positively with clustering coefficients (left), local efficiency (cen-
ter), and strength (right), in axial (top), sagittal (middle), and
coronal (bottom) view. A negative correlation with clustering
coefficient was observed at one node, the right frontal superior

Digit ordering maximal span

All global network metrics correlated with DOM perfor-
mance, with a positive correlation in the case of transitivi-
ty and global efficiency, and a negative correlation with

medial gyrus. The size of the nodes is proportional to the abso-
lute value of Spearman’s correlation coefficient. The colors of the
nodes indicate: blue = FDR corrected (p <0.05), and green =
uncorrected (p < 0.05). [Color figure can be viewed at wileyonli-
nelibrary.com]

characteristic path length (Table III). DOM performance
positively correlated with local clustering coefficients in
the frontal, parietal and temporal lobes (Fig. 9 and Sup-
porting Information Table VI). Nodal strength was
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Figure 6.
Verbal fluency F correlated with FA in the ALS patient group. Positive correlations of ALS patient
verbal fluency F with white matter FA in axial (top), sagittal (middle) and coronal (bottom) slices
(uncorrected p < 0.05). Abbreviations: |, inferior; S, superior; R, right; L, left; A, anterior; P, pos-
terior. [Color figure can be viewed at wileyonlinelibrary.com]

similarly positively correlated with nodes in these regions,
as well as within the occipital lobe. Local efficiency corre-
lated positively with DOM performance in two regions
within the left temporal lobe. DOM performance positively
correlated with tract FA values in the ALS group dis-
persedly throughout the brain, including bilateral frontal,
temporal, occipital and parietal regions, the corpus cal-
losum, cingulum, and subcortical nuclei (Fig. 10). Correla-
tions within the bilateral anterior corpus callosum
survived FDR correction for multiple comparisons, at
p <0.05.

DISCUSSION

The current study aimed to further our understanding
of white matter pathology in ALS and its impact on cogni-
tion by investigating the properties of the structural brain
network in terms of regional network connectivity, and
white matter integrity. Here we provide novel evidence of
a dependence of executive function on the structural brain
network, and insight into the biological constructs of exec-
utive dysfunction in ALS.

Evidence Suggestive of a Globally Disrupted
Structural Network in ALS, Underlined by
Diminished White Matter Integrity

We found reduced connectivity in ALS throughout the
brain, within both primary and secondary motor cortices,
as well as frontal and parietal regions. We further reported
diminished structural integrity of white matter tracts,

evident as reduced FA, occurring widely throughout the
brain. These findings are consistent with those of previous
investigations of topological white matter network connec-
tivity [Schmidt et al.,, 2014; Verstraete et al., 2011, 2014]
and tract structural integrity [Ciccarelli et al., 2009; Heim-
rath et al., 2014; Pettit et al., 2013; Prudlo et al.,, 2012;
Zhang et al., 2014] in ALS, and provide supporting evi-
dence of white matter pathology in ALS that extends
beyond motor regions, primarily propagating to frontal
and parietal areas. Importantly, we also noted that regions
of reduced FA within both the ALS and ALSci groups (rel-
ative to healthy controls, and ALScc patients, respectively)
overlapped neuroanatomically with nodes where structur-
al connectivity was diminished; suggesting that network
connectivity and structural white matter integrity are tight-
ly coupled. Presumably, impairment of local network con-
nectivity results from diminished structural integrity of
the underlying white matter tracts [Buchanan et al., 2015].
This notion is further supported by our correlates of exec-
utive function, in which we observed strong co-
localization of FA and network metrics, particularly in
those nodes that survived FDR correction, as in the case of
VFF. In terms of global topology, we report for the first
time a significant reduction in global structural network
connectivity of ALS patients, as defined by an increased
characteristic path length, and decreased transitivity. These
findings, indicate that the topological network in ALS is
less interconnected, which necessitates the utilization of
longer structural pathways in transferring information
across distal nodes [Rubinov and Sporns, 2010]. While the
trend toward decreased global efficiency in the ALS group
failed to reach significance, this conclusion is further
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Figure 7.
Digit span backward correlated with local network metrics in the ALS patient group. Digit span
backward of ALS patients correlated with clustering coefficients (left), local efficiency (center),
and strength (right), in axial (top), sagittal (middle), and coronal (bottom) view. The size of the
nodes is proportional to the absolute value of Spearman’s correlation coefficient (uncorrected
p < 0.05). [Color figure can be viewed at wileyonlinelibrary.com]

supported by our finding of widespread reduction in local
efficiency, indicating that local network communicative
potential may be diminished throughout the brain. In con-
sidering reported reliance of cognition on the integration
of information across multiple brain regions [Caeyen-
berghs et al.,, 2014; Li et al.,, 2009; Panigrahy et al., 2015;

Sheffield et al., 2015; Van den Heuvel et al., 2009; Vloos-
wijk et al., 2011; Wen et al., 2011], this loss of short path
network interconnectivity may hinder global integrative
processing, and could be responsible for cognitive decline
in ALS. Taken together, these results suggest that white
matter pathology in ALS resulting in diminished tract

* 1259


http://wileyonlinelibrary.com

¢ Dimond et al. ¢

Figure 8.
Digit span backward correlated with FA in the ALS patient group. Positive correlations of ALS
patient digit span backward with white matter FA in axial (top), sagittal (middle) and coronal
(bottom) slices (uncorrected p < 0.05). Abbreviations: |, inferior; S, superior; R, right; L, left; A,
anterior; P, posterior. [Color figure can be viewed at wileyonlinelibrary.com]

integrity may be responsible for regionally specific
decreases in local connectivity, which when sufficiently
widespread, leads to a topological network that is globally
disconnected. A proposed biological mechanism wherein
expansion of motor region white matter pathology in ALS
leads to a disrupted local, and subsequently global, topo-
logical network, is supported by recent evidence showing
propagation of topological disconnectivity beyond motor
areas, toward frontal and parietal regions [Verstraete et al.,
2014]. In considering the frontal dependence of executive
function [Alvarez and Emory, 2006], and that functional
connectivity, necessary for executive processing [Agosta
et al., 2013a; Sheffield et al., 2015], is dependent on the
structural network [Damoiseaux and Greicius, 2009; Honey
et al., 2009; Schmidt et al., 2014], the propagation of dis-
connected structural topology to frontal regions may
explain extra-motor symptoms in ALS.

Executive Dysfunction in ALS May Be Related to
Local or Global Topological Disruption,
Potentially Mediating Domain-Specific or Gener-
alized Cognitive Deficit

To the best of our knowledge, the current study is the
first to correlate structural network properties as evaluated
by graph theoretical analysis with executive function in
ALS. Consistent with previous observations in healthy
aging [Wen et al., 2011] as well as other neurological dis-
orders [Caeyenberghs et al., 2014; Lo et al., 2010], we
found executive function correlated with local network
metrics throughout the brain (including frontal, temporal,
occipital and parietal cortices, as well as subcortical

nuclei), with a high predilection for the frontal and tempo-
ral lobes bilaterally. In addition, we found white matter
structural integrity correlated with executive function per-
formance in a similarly widespread fashion, results that
are consistent with findings of previous tractography stud-
ies in ALS [Pettit et al., 2013; Sarro et al., 2011]. Notably,
co-localization of structural integrity and local connectivity
correlates was apparent for most executive function tasks.
Those executive function tasks (VFF and DOM) that pre-
sented the most widespread and overlapping association
between decreased structural integrity and connectivity,
and poorer task performance, also correlated with global
network metrics: decreased global efficiency and increased
characteristic path length were associated with poorer task
performance. These results are consistent with previous
structural topology studies in healthy [Wen et al., 2011]
and pathological [Kim et al., 2014; Lo et al.,, 2010; Pani-
grahy et al., 2015; Reijmer et al., 2013] states, and suggest
that overall executive function performance may be depen-
dent on a globally efficient network characterized by short
communicative paths, as well as dispersed local connectiv-
ity and underlying white matter tract integrity. Interesting-
ly, the most striking overlap of local network correlates
across executive function tasks was seen in positive corre-
lations with strength at select nodes within frontal, tempo-
ral and occipital regions. Within these regions we also
observed a strong overlap of positive strength and FA cor-
relates within those tasks that appeared to be most global-
ly dependent (DOM and VFF). This was especially true in
white matter surrounding nodes (right superior occipital,
right fusiform, and left lingual cortices) that survived FDR
correction in VFF. In considering that the strength of a
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Figure 9.
Digit ordering maximal span correlated with local network metrics in the ALS patient group.
Digit ordering maximal span of ALS patients correlated positively with clustering coefficients
(left), local efficiency (center), and strength (right), (top), sagittal (middle), and coronal (bottom)
view. The size of the nodes is proportional to the absolute value of Spearman’s correlation coef-
ficient (uncorrected p < 0.05). [Color figure can be viewed at wileyonlinelibrary.com]

node is related to the number of connections it possesses
[Crossley et al., 2014; Hwang et al., 2013], one possible
explanation for the involvement of this fronto-temporal-
occipital network across tasks is that nodes within this net-
work serve as hubs, connecting distant executive function
circuits to facilitate information integration and global cog-
nitive processing [Bullmore and Sporns, 2012; Crossley

et al., 2013; Sporns et al., 2007]. Within healthy populations
[Hagmann et al., 2008], ALS [Ma et al., 2015], and other
neurodegenerative disorders [Buckner et al., 2009; Caeyen-
berghs et al., 2014; Crossley et al., 2014; Lo et al., 2010; Rae
et al., 2012], general network hubs are frequently identified
within these frontal, temporal and occipital regions. The
facilitation of global processing through network hubs has
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Figure 10.

Digit ordering maximal span correlated with FA in the ALS
patient group. Positive correlations of ALS patient digit ordering
maximal span with white matter FA in axial (top), sagittal (mid-
dle) and coronal (bottom) slices. The colors of the voxels

also been shown to be essential to cognition [Bertolero
et al., 2015; Braun et al., 2015; Crossley et al., 2013; Shef-
field et al., 2015], and disruption of hub connectivity is
suggested to be associated with decreased cognitive per-
formance [Crossley et al., 2013, 2014; Gleichgerrcht et al.,
2015].

While these results support the notion that executive
function as a whole is dependent on global connectivity
between various neuronal regions [Dehaene and
Changeux, 2011], variance in task specific correlations sug-
gests a dependence of dissociable cognitive processes on
local circuitry [Alvarez and Emory, 2006; Kim et al., 2014;
Reijmer et al., 2013, 2015]. While overlap of structural net-
work correlates was observable across some tasks, no sin-
gle node had network metrics that correlated with all
executive function assessments, and each assessment dem-
onstrated a dependence on local task-specific networks,
primarily located within frontal and temporal regions.
Within these task-specific local networks, cognitive perfor-
mance correlated with FA, nodal strength, and clustering
coefficients more so than with local efficiency, suggesting
a higher dependence on the tract integrity, connection
strength, and clustering of local circuits, than on the pres-
ence of short connections between proximal regions. These
findings, consistent with those in normal aging [Wen
et al.,, 2011], suggest that at a local level, executive function
depends on dissociable, structurally segmented regions of
dense interconnectivity that facilitate information process-
ing within specific cognitive domains [Panigrahy et al.,
2015]. Taken together, these findings suggest that execu-
tive function in ALS may be dependent on both the

indicate: green = FWE corrected (p <0.05), and
red = uncorrected (p < 0.05). Abbreviations: |, inferior; S, supe-
rior; R, right; L, left; A, anterior; P, posterior. [Color figure can
be viewed at wileyonlinelibrary.com]

interconnectivity of local frontal and temporal networks
for domain specific cognitive processing, as well as the
strength of fronto-temporal-occipital connections that facil-
itate integrative processing across multiple cognitive
domains. This conclusion is consistent with previous find-
ings of structural [Li et al., 2009; Reijmer et al., 2013, 2015;
Wen et al., 2011] and functional [Bertolero et al., 2015;
Sheffield et al., 2015; Van den Heuvel et al., 2009; Vloos-
wijk et al., 2011] network correlates of cognition, as well as
current theories on higher-order conscious processing
[Dehaene and Changeux, 2011]. In considering the associa-
tion between network connectivity and underlying white
matter integrity [Buchanan et al., 2015], it follows that
executive dysfunction in ALS may result from either local-
ized frontal/temporal white matter pathology, or the tar-
geting of larger tracts that connect these distant brain
regions. In accordance with such a model we would pre-
dict that while destruction of local circuity may disrupt
specific executive functions, loss of distant connections
between global network hubs may impair patient ability to
integrate across various cognitive domains, and lead to a
more generalized executive dysfunction, accompanied by a
globally disrupted topology.

Prevalence of Executive Dysfunction in ALS May
Be Related to an Increased Susceptibility of
Frontal-Mediated and Globally Dependent

Cognitive Domains to White Matter Pathology

Despite the wide range of potential cognitive and behav-
ioral impairments associated with ALS [Goldstein and
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Abrahams, 2013], executive dysfunction remains the most
prevalent [Lonergan et al., 2014; Strong, 2008; Tsermentseli
et al., 2012; Woolley and Strong, 2015]. Studies have dem-
onstrated a dependence of executive processing on frontal
and temporal lobes [Alvarez and Emory, 2006]. Further-
more, white matter pathology within these regions has
been shown to be associated with executive dysfunction in
ALS [Pettit et al., 2013; Sarro et al., 2011], and the preva-
lence of its report has provided contributing evidence of a
shared pathology in ALS and frontotemporal dementia
[Kiernan et al., 2011; Neumann et al., 2006; Ringholz and
Greene, 2006; Strong, 2008; Woolley and Strong, 2015]. In
comparing the cognitive phenotype of ALSci and ALScc
patients, we found that the ALSci group was only signifi-
cantly impaired in those tasks (VFF and DOM) that
appeared to demonstrate the highest dependence on local
frontal lobe circuitry, as well as global network topology.
We found that the majority of local network connectivity
and white matter integrity abnormalities in the ALSci
group were localized to the frontal lobe. These frontal lobe
abnormalities correlated with decreased performance in
the VFF and DOM tasks, after correction for multiple com-
parisons. These findings suggest that there may be white
matter structural network abnormalities specific to ALSci
patients, a notion that is supported by a previous DTI
study that found more widespread extra-motor white mat-
ter damage in ALSci patients relative to healthy controls
[Sarro et al., 2011]. The high predilection of these abnor-
malities to the frontal lobe, and high specificity of overlap
with VFF and DOM task local networks, suggests that
frontal white matter pathology may mediate executive
dysfunction in ALS, potentially through disruption of
task-specific ~ local circuits.  Interestingly = however,
decreased nodal strength at only a handful of the nodes
on which these tasks were shown to rely appeared to be
sufficient to impair cognitive performance. We found that
nodes with decreased strength were localized to either
frontal, or temporal-occipital regions, and that half of
these nodes (left frontal medial orbital and left lingual
gyri) were part of the fronto-temporal-occipital hub net-
work proposed to be involved in facilitation of global
processing [Bullmore and Sporns, 2012; Crossley et al.,
2013; Sporns et al., 2007]. Taken together, these observa-
tions suggests that cognitive impairment in ALS may
result from white matter pathology targeting tracts that
interconnect clusters of nodes in frontal regions, or those
connecting distant frontal and temporal hub regions,
which presumably hinders domain specific [Wen et al,,
2011], or integrative processing [Crossley et al., 2013; Pani-
grahy et al., 2015], respectively.

In considering evidence for the expansion of white mat-
ter pathology in ALS beyond motor areas [Verstraete
et al.,, 2014] resulting in diminished frontal white matter
integrity [Ciccarelli et al., 2009; Pettit et al., 2013; Prudlo
et al., 2012; Zhang et al., 2014], and subsequent disruption
of structural network topology [Schmidt et al., 2014;

Verstraete et al., 2011, 2014], these findings provide insight
into the biological mechanism of white matter pathology
underlying executive dysfunction in ALS, and may help
explain the variability of cognitive symptoms along the
ALS-FID spectrum [Goldstein and Abrahams, 2013; Ring-
holz and Greene, 2006; Tsermentseli et al.,, 2012]. Our
results suggest that the degree of executive dysfunction
experienced by a patient may be dependent not only on the
extent to which frontal region white matter pathology is
present, but also on the extent to which pathology targets
global, as opposed to local network connectivity. According
to such a model, an ALS patient with more severe cognitive
deficit would be expected to have a higher degree of extra
motor white matter changes and greater pathological
involvement of fronto-temporal hub connectivity, whereas a
patient with domain-specific cognitive impairment may dis-
play only mild extra-motor pathology, which selectively
disrupts localized network interconnectivity. While this con-
clusion is supported by previous tractography studies
reporting more widespread white matter damage in cogni-
tively impaired ALS patients [Sarro et al., 2011], and associ-
ation between local white matter damage and specific
cognitive impairments [Pettit et al., 2013], the extent to
which executive dysfunction in ALS is associated with
selective targeting of network hubs is unclear. While it has
been shown that hubs are common targets of neurodegen-
erative disorders [Crossley et al, 2014], and that greater
structural hub loss is associated with poorer verbal fluency
performance following stroke [Gleichgerrcht et al., 2015],
the relationship between selective loss of structural hubs
and cognitive outcome in ALS remains to be determined.
Though further investigation is necessary to validate this
model, our findings suggest that executive functions that
are highly dependent on frontal network circuitry, and inte-
grative global processing, may be more susceptible to white
matter pathology in ALS. This may explain the prevalence
of verbal fluency deficit amongst patients [Goldstein and
Abrahams, 2013; Tsermentseli et al., 2012], and suggests
that cognitive screening in ALS should be inclusive of tasks
such as VFF and DOM that rely on integrative global proc-
essing across frontotemporal networks.

Frontal Region Pathology Underlying Executive
Dysfunction in ALS May Be Facilitated by High
Structural Interconnectivity

An unexpected finding of our study was that while the
ALSci patients displayed decreased nodal strength within
frontal, temporal and occipital regions, clustering coeffi-
cients were increased in three frontal (right superior fron-
tal, right superior medial, left frontal medial orbital gyri),
and one occipital (left lingual) region, suggesting ALSci
patients had greater local interconnectivity in these regions
relative to the ALScc group. Furthermore, an increased
clustering coefficient at the right frontal superior medial
cortex was associated with decreased VFF performance,
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suggesting that this increased frontal interconnectivity
may be associated with executive dysfunction. Negative
correlations between clustering coefficients and executive
function performance were also observed in frontal and
temporal regions on the DSB and DSF tasks. Importantly,
the localization of these negative correlations were consis-
tent across the two tasks. In an effort to explain this para-
doxical  association  between  increased  network
interconnectivity and decreased executive function perfor-
mance, we propose two potential biological mechanisms.

The first possible explanation is that this increased fron-
tal interconnectivity reflects a failed compensatory mecha-
nism in ALSci, in which strengthening of local circuits in
the presence of structurally compromised global connec-
tions reflects an unsuccessful attempt to restore cognitive
function. Functional connectivity studies in ALS [Agosta
et al., 2013a; Heimrath et al., 2014] provide evidence of
increased functional connectivity between secondarily
recruited cognitive circuits, suggesting the brain undergoes
dynamic reconfiguration in an attempt to maintain cogni-
tion when primarily recruited circuits are dysfunctional. In
considering that functional and structural connectivity
changes have been shown to be tightly linked in ALS
[Schmidt et al., 2014], it is possible that the increased fron-
tal network interconnectivity in the ALSci group reflects
underlying structural network changes to accommodate
functional reconfiguration. In addition to negative correla-
tions with clustering coefficients, we also reported co-
localized negative correlations with nodal strength and FA
in the DSB and DSF task. These results support this con-
clusion, in that they suggest that increased tract integrity
and structural strengthening within select regions may be
associated with executive dysfunction in ALS.

A second possible explanation for increased frontal
interconnectivity in the ALSci group is that higher local
interconnectivity reflects an increased susceptibility of
these frontal regions to white matter pathology in ALS,
potentially due to the concentration of hubs in densely
interconnected local networks [Van den Heuvel and
Sporns, 2011]. Previous studies [Buckner et al., 2009;
Crossley et al.,, 2014] have shown that network hubs are
frequent targets of neurodegenerative disorders, presum-
ably due to increased biological demand [Liang et al.,
2013; Tomasi et al.,, 2013], or increased connectivity to
sources of pathology [Zhou et al., 2012]. Cortical hubs of
the human cortex are said to be organized into “clubs” of
rich interconnectivity amongst members [Van den Heuvel
and Sporns, 2011]. With this in mind, the increased frontal
network interconnectivity in the ALSci group may reflect a
greater concentration of highly interconnected hubs in
these regions, which infers a greater susceptibility to neu-
rodegenerative pathology. This would explain why the left
frontal medial orbital and left lingual gyri in the ALSci
patient group displayed both decreased nodal strength,
and increased clustering coefficients relative to ALScc
patients. While there are several hypothesized mechanisms

for the increased pathological susceptibility of hub regions
[Zhou et al., 2012], one that is consistent with recent pro-
teinopathy findings in ALS [Brettschneider et al., 2013;
Schmidt et al., 2016] is the transneuronal spread model, in
which a toxic agent spreads to regions of high connectivity
by propagating along structural connections [Frost and Dia-
mond, 2010; Pradat et al., 2015]. Within ALS, 43 kDA TAR
DNA-binding protein (TDP-43), a hallmark proteinopa-
thopy of ALS and FTLD [Brettschneider et al., 2014b; Neu-
mann et al.,, 2006], has been suggested to propagate along
structural network connections [Schmidt et al., 2016],
expanding from primary motor cortices toward frontal, and
subsequently temporal, regions [Brettschneider et al., 2013].
In consideration of this model, it’s possible that the pres-
ence of increased frontal interconnectivity in the ALSci
group may facilitate TDP-43 spread to hubs, resulting in
white matter pathology that disrupts global network con-
nectivity, and leads to executive dysfunction. While the
mechanism by which TDP-43 aggregation might disrupt
axonal tract integrity is unknown, evidence of oligoden-
droglia TDP-43 proteinopathy in ALS [Brettschneide et al.,
2014a], and co-localized TDP-43 pathology, neuronal loss,
and microglia activation in frontal and temporal white mat-
ter [Brettschneider et al., 2012], is suggestive of demyelin-
ation and a microglia-mediated inflaimmatory response
[Komine and Yamanaka, 2015; Philips and Robberecht,
2011; Xu et al., 2015]. This mechanism, and the involvement
of TDP-43 proteinopathy in executive dysfunction in ALS,
is supported by correlations of decreased executive function
performance with increased TDP-43 burden and microglia
activation in frontal and temporal regions [Brettschneider
et al., 2012]. In considering the shared TDP-43 proteinop-
athy [Neumann et al, 2006] and functional connectivity
abnormalities [Trojsi et al., 2015] seen in ALS and FID, the
susceptibility of frontal region hubs to FTLD pathology is
further supported by evidence of selective loss of frontal
hub regions in behavioral variant FTD (bvFTD) [Agosta
et al., 2013b]. Consistent with our results that are suggestive
of decreased nodal strength in ALSci group frontal and
occipital regions, Agosta et al. [2013b] reported that the
most significant decrease in functional connectivity
occurred between frontal-occipital regions and frontal, tem-
poral and occipital areas. Furthermore, consistent with our
proposal that destruction of inter-regional hub connections
may underlie general executive dysfunction, disruption of
global network topology in bvFTD was associated with
executive dysfunction [Agosta et al., 2013b]. Frontal region
functional disconnectivity has also been reported in ALS
[Agosta et al., 2013a]. While these studies [Agosta et al.,
2013a,b] focused on functional connectivity, evidence that
structural and functional network topology is tightly linked
[Damoiseaux and Greicius, 2009; Honey et al., 2009] sug-
gests that structural network disruption may underlie func-
tional disconnectivity. Within ALS, correlation between
structural and functional network disconnectivity has also
been reported [Schmidt et al., 2014]. Furthermore, consistent
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with evidence of a frontal-propagating disconnected struc-
tural network [Verstraete et al., 2014], frontal and parietal
areas with short path connectivity to motor areas have been
shown to display the most prominent functional and struc-
tural network disruption [Schmidt et al., 2014]. Taken
together, these observations suggest that frontal network
disruption underlying executive dysfunction in ALS may
be the result of pathological spread through highly inter-
connected circuits and the targeting of frontal hub regions.
While the underlying biological mechanism of white matter
pathological propagation and ensuing cognitive decline
remains unclear, we speculate a potential role for TDP-43
proteinopathy.

Methodological Limitations and Future Direction

Strengths of the current study include the use of high
resolution DTI data acquired on a 4.7T MRI research scan-
ner, as well as the use of TBSS and graph theoretical anal-
ysis, shown to be novel methods of investigating
structural white matter networks with high sensitivity and
specificity [Smith et al., 2006; Verstraete et al., 2014]. The
study is, however, not without limitations. A significant
limitation is that the small sample size introduces the pos-
sibility that subtle group differences might be masked,
and that significant findings may not actually be true
effects. Studies with low statistical power due to small
sample size are prone to both type I and type II errors
[Button et al., 2013], as well as exaggeration of the magni-
tude of true effects [loannidis, 2005, 2008]. While the co-
localization of FA reductions, network abnormalities, and
correlates of executive dysfunction in the ALSci group
suggests that there are true abnormalities specific to ALSci
patients that underlie cognitive impairment, the small
sample size of these exploratory analyses merits caution in
interpreting results. Certainly, future studies incorporating
more participants will be helpful to determine if there are
in fact white matter abnormalities specific to ALSci
patients. With respect to our study cohort, it is also worth
noting that we reported a greater percentage of cognitively
impaired patients than is commonly reported in the litera-
ture (35%-50%) [Strong, 2008]. This discrepancy, however,
is likely due to the classification system utilized to define
ALSci patients, rather than to a selection bias. So that our
results would be comparable to their study, we utilized
the ALSci definition used by Sarro et al. [2011]. While
higher than that reported in the literature, the percentage
of subjects in our study classified as ALSci according to
this definition (64%) was comparable to that reported by
Sarro et al. [2011] (69%), suggesting our cohort was still
representative of the general population with ALS. Anoth-
er potential limitation of our study is that we did not con-
trol for between group differences in white matter
hyperintensities (WMHs). WMHs have been shown in
small vessel disease to be associated with decreased net-
work strength and efficiency, as well as with poorer

cognitive functioning [Tuladhar et al., 2016]. However, visu-
al inspection of fluid attenuated inversion recovery (FLAIR)
images revealed an equal occurrence of WMHs across all
subject groups, suggesting this was not a factor affecting
group comparison results. Additionally, due to a lack of
genetic testing, we were unable to control for group differ-
ences related to C9orf72 hexanucleotide expansions, which
could potentially have influenced our results. CY9orf72
repeat expansions, which have been extensively linked to
both ALS and FTD [Rohrer et al., 2015], are associated with
a greater incidence of cognitive impairment, as well as
extra-motor white matter abnormalities [Bede et al., 2013].

With regards to the utilized analytic tools, a common
concern with the DTI model is its inability to resolve fiber
orientation in regions of crossing and kissing fibers. Fur-
thermore, deterministic tractography, utilized in construct-
ing the connectivity matrices for our graph theoretical
analyses, has been suggested to be particularly limited by
the presence of crossing fibers, in that low FA values asso-
ciated with regions containing crossing fibers may cause
premature termination of fiber reconstruction, and hence
loss of edges in the resulting connectivity matrices
[Caeyenberghs et al.,, 2014]. In future studies, strategies
such as the collection of high angular resolution diffusion
imaging (HARDI) data, coupled with alternative diffusion
models, such as the fiber orientation distribution (FOD)
estimated by constrained spherical deconvolution (CSD)
[Tournier et al., 2007], could be considered to combat this
issue. In addition, while TBSS has been proposed to over-
come a lot of the issues associated with the registration
processes in whole brain voxel-wise analysis [Smith et al.,
2006], some question always remains as to if significant
findings correspond to the same neuroanatomical regions
across subjects. To combat this concern, we would recom-
mend coupling TBSS analyses with that of network based
statistics (NBS) to study the edges of the structural net-
work, given that it does not require scan registration to a
common space, and results of these two methods have
been shown to strongly co-localize within ALS [Buchanan
et al., 2015]. Lastly, incorporation of a larger array of exec-
utive function tasks, as well as additional graph theory
metrics, would have potentially provided more insight
into the organization of local networks on which dissocia-
ble cognitive domains rely, and how these networks are
integrated to support multi-domain executive function
tasks. Furthermore, inclusion of more specific metrics of
centrality for assessment the importance of a node in glob-
al connectivity [Rubinov and Sporns, 2010] and robust
identification of network hubs [Sporns et al., 2007], would
potentially further support our claims related to global
information integration and network susceptibility related
to the presence of frontal region hubs.

CONCLUSION

In this exploratory analysis we report for the first time a
globally disrupted structural network in ALS, and provide
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evidence suggestive of the existence of structural network
abnormalities specific to cognitively impaired ALS
patients. We found that these network abnormalities, pre-
dominantly located within frontal regions, are associated
with decreased cognitive performance, suggesting that
white matter pathology within these regions may underlie
executive dysfunction in ALS. In addition, reported find-
ings suggest the existence of dissociable cognitive impair-
ments of executive function within ALS, that while
individually reliant on the connectivity and underlying
white matter integrity of local circuits, are collectively
dependent on an efficiently connected global network. Our
results suggest that executive dysfunction in ALS may
result from the white matter pathology in frontal regions,
resulting in disrupted local, and global topology, which
mediate domain specific and generalized executive dys-
functions, respectively. We speculate that high intercon-
nectivity amongst frontal regions may facilitate white
matter pathology, which infers an increased susceptibility
of frontal-mediated cognitive domains to impairment, and
may explain the prevalence of executive dysfunction in
ALS.
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